During embryogenesis, specification of cell fate is under the control of many secreted signaling molecules. Several members of the transforming growth factor (TGF)-␤ family of ligands, including activin, Vg1, and nodal-related proteins, have been identified as determinants of cell fate in mesoderm induction (Thomsen and Melton 1993; Symes et al. 1994; Smith 1995; Agius et al. 2000) . TGF-␤-activated kinase 1 (TAK1), a member of the MAP kinase kinase kinase (MAPKKK) family, is activated by various cytokines, including TGF-␤ family ligands (Yamaguchi et al. 1995; Shibuya et al. 1996) . Nemo-like kinase (NLK) is a MAPK-related kinase that functions downstream of TAK1 in a pathway that inhibits Wnt signaling Meneghini et al. 1999) . NLK binds to and phosphorylates TCF/LEF transcription factors, which prevents them from binding to their DNA targets . Recent studies indicate that NLK binds not only to TCF/LEF but also to other transcription factors, including Sox11 (Hyodo-Miura et al. 2002) and HMG2L1 (Yamada et al. 2003) . This raises the possibility that other transcription factors and signaling pathways may be regulated by the TAK1-NLK cascade.
The JAK-STAT signaling pathway transduces signals induced by a large number of cytokines, hormones, and growth factors. Signaling is initiated by JAK tyrosine kinases, which phosphorylate the C-terminal tyrosine residue of STAT transcription factors. These tyrosine-phosphorylated STATs then dimerize through their SH2 domain and translocate into the nucleus, where they directly activate target genes (Darnell 1997; O'Shea et al. 2002) . It has previously been reported that phosphorylation of the C-terminal serine residue of STAT3 is required for maximal transcriptional activity (Decker and Kovarik 2000; O'Shea et al. 2002) . However, neither the biological significance of this phosphorylation nor the endogenous kinase(s) responsible for it has been demonstrated.
In this study, we show that NLK binds to STAT3 and directly phosphorylates its C-terminal serine residue, and that this phosphorylation requires the activity of the TAK1-NLK cascade. In addition, we demonstrate that serine phosphorylation of STAT3 induced by TAK1-NLK cascade is indispensable for TGF-␤-mediated mesoderm induction in early Xenopus development. Taken together, these results provide the first evidence that the TAK1-NLK-STAT3 cascade functions in the TGF-␤ family signal transduction pathway.
Results and Discussion
To address the roles of NLK in early Xenopus embryos, we inhibited NLK expression in developing embryos by using a morpholino-antisense oligonucleotide (NLK Mo), which is a specific translational inhibitor, and analyzed the phenotypes of the resulting embryos. Injection of NLK Mo into Xenopus four-cell-stage embryos resulted in incomplete gastrulation and a shortened anterior-posterior axis (Fig. 1A, upper middle panel) . The NLK Moinduced phenotype was rescued by coinjection of NLK mRNA (Fig. 1A, upper right panel) . This phenotype appears to result from the inhibition of either mesoderm induction or gastrulation movement (Kimelman and Griffin 1998; Smith et al. 2000; Wallingford et al. 2002) . To examine each of these possibilities, we injected NLK Mo into the prospective dorsal mesodermal region of four-cell-stage embryos, and determined the expression patterns of several mesodermal marker genes at stage 11 and 22. Injection of NLK Mo inhibited the expression of a pan-mesodermal marker, Xbra, and the late mesodermal markers, ␣-actin and Xnot, but had no effect on the expression of a dorsal mesodermal marker, goosecoid (Xgsc; Fig. 1B ). Inhibition of these markers was rescued by coinjection of NLK mRNA (Fig. 1B ). These results demonstrate that endogenous NLK is involved in mesoderm induction.
[Keywords: TAK1; NLK; STAT3; TGF-␤ signal; mesoderm induction] In an attempt to understand how NLK regulates mesoderm induction in Xenopus embryos, we isolated NLK-binding proteins from a Xenopus oocyte cDNA library by the yeast two-hybrid screening method, using the C-terminal domain of NLK (202-447 amino acids of NLK) as bait (Yamada et al. 2003) . From this screen, we isolated the cDNA encoding Xenopus STAT3, a member of the STAT family of transcription factors (Darnell 1997; Nishinakamura et al. 1999; Hirano et al. 2000) . To examine whether STAT3 associates with NLK in vivo, we constructed expression vectors encoding Flag-tagged NLK (Flag-NLK) and HA-tagged STAT3 (HA-STAT3). We found that Flag-NLK could be coimmunoprecipitated with HA-STAT3, and vice versa, when cotransfected into COS7 cells ( Fig. 2A, lanes 4,8) . STAT3 could also be coimmunoprecipitated with a kinase-negative mutant of NLK, NLK-KN (data not shown). This indicates that the association between NLK and STAT3 does not require NLK kinase activity. To prove for the existence of endogenous NLK and STAT3 complex in cells, we isolated extracts from untransfected mouse embryonic fibroblast, and performed immunoprecipitation analysis by using anti-NLK antibody. We found that endogenous STAT3 was coimmunoprecipitated with NLK ( Fig. 2B) . We next constructed a series of STAT3 deletion mutants (Fig. 2C) and characterized them for binding to NLK (Fig. 2D) . Deletion of the STAT3 DNA-binding domain (DNA BD), linker domain (linker), or transactivation domain (TAD) had no effect on binding to NLK, whereas deletion of the SH2 domain abolished NLK binding (Fig. 2D) . Consistent with this, the minimal region of STAT3 required for the binding to NLK was found to reside in the SH2 domain (Fig. 2D) . Thus, STAT3 interacts with NLK via its SH2 domain.
C-terminal serine residue in STAT3 (Ser 727 in mouse and Ser 728 in Xenopus STAT3) is phosphorylated by several kinases, including those of the MAPK family, and this phosphorylation modulates its transcriptional activity (Decker and Kovarik 2000; O'Shea et al. 2002) . We thus tested whether NLK phosphorylates the corresponding serine residue of STAT3. Flag-STAT3 was cotransfected with or without HA-NLK into 293 cells, and the phosphorylation of STAT3 was monitored by Western blotting with antibodies that specifically recognize the phosphorylated form of STAT3 at either the Ser 727 or Tyr 705 residue. Western blot analysis revealed that coexpression of NLK resulted in increased levels of Ser 727, but not Tyr 705, phosphorylation (Fig. 3A) . Moreover, coexpression of NLK caused a mobility shift in the STAT3 protein on SDS-PAGE (Fig. 3B , lane 2). To test whether this mobility shift is a consequence of Ser 727 phosphorylation, we used a mutant, STAT3-SA, in which Ser 727 is replaced with alanine. As expected, no serine phosphorylation of STAT3-SA was detected, and the migration of this mutant protein was unaffected by coexpression of NLK (Fig. 3B , lanes 5,6). We next examined whether NLK directly phosphorylates the Ser 727 residue in STAT3 by using bacterially expressed wildtype STAT3 and STAT3-SA proteins. In vitro kinase assays showed that NLK could phosphorylate wild-type STAT3 in a kinase-dependent manner but failed to phosphorylate STAT3-SA (Fig. 3C ). Taken together, these results clearly demonstrate that NLK directly and specifically phosphorylates the C-terminal serine residue of STAT3.
We next tested whether NLK is involved in the serine phosphorylation of endogenous STAT3 in Xenopus embryos. We performed whole-mount immunostaining by using an antibody that specifically recognizes the Ser 728 phosphorylated form of STAT3. Serine-phosphorylated STAT3 was detected in ectodermal and mesodermal regions at the gastrula stage ( Fig. 3D ; data not shown). As a control, when STAT3 Mo was injected into the prospective mesodermal regions of the embryos, serine phosphorylation of STAT3 was greatly reduced in the injected region (Fig. 3D) . Similarly, when embryos were injected with NLK Mo, serine phosphorylation of STAT3 was significantly reduced (Fig. 3D) . These results suggest that NLK is involved in the serine phosphorylation of endogenous STAT3 in early Xenopus embryos.
To investigate the role of STAT3 in mesoderm induction, we injected STAT3 Mo into the prospective dorsal mesodermal regions of four-cell-stage embryos, and later examined their phenotypes and mesodermal marker gene expression. Similar to NLK Mo, injection of STAT3 Mo resulted in incomplete gastrulation and a shortened anterior-posterior axis, and inhibited Xbra, ␣-actin and Xnot expression in the dorsal marginal zone, but did not affect Xgsc expression (Fig. 1A,B) . These inhibitions were also rescued by coinjection of STAT3 mRNA (Fig. 1A,B) . We also injected mRNAs encoding several STAT3 mu- tants, STAT3-YF, STAT3-SA, or STAT3-YFSA, each of which substitutes C-terminal tyrosine or/and serine residue(s) of STAT3 with alanine or/and phenylalanine residue(s), respectively. Injection of these mutant mRNAs into the dorsal marginal zone resulted in the inhibition of Xbra expression (Fig. 3E) . Moreover, the STAT3 Moinduced phenotype was not rescued by coinjection of STAT3-SA mRNA (Fig. 1A) . These results suggest that mesoderm induction requires the phosphorylation of both tyrosine and serine residues in STAT3.
To further address the roles of NLK and STAT3 in mesoderm induction, we constructed the STAT3 mutants STAT3-CTC and STAT3-SE. The STAT3-CTC mutant replaces the Ala-Thr-Asp residues at position 662-664 of Xenopus STAT3 to Cys-Thr-Cys. It has been reported that substitution with these cysteine residues within the C-terminal loop of the STAT3 SH2 domain results in the generation of a constitutively active form of STAT3, due to Cys-mediated dimerization that is independent of tyrosine phosphorylation (Bromberg et al. 1999) . Thus, the STAT3-CTC mutant would be expected to bypass the requirement for tyrosine phosphorylation. The STAT3-SE mutant replaces the C-terminal Ser 728 of Xenopus STAT3 with a glutamic acid residue, which mimics the phosphorylated serine. We found that injection of wild-type STAT3, STAT3-CTC, or STAT3-SE mutant mRNA did not induce Xbra expression in animal caps (Fig. 3F) . However, injection of the STAT3-CTC-SE double-mutant mRNA did induce Xbra expression (Fig.  3F ). This suggests that both dimerization and serine phosphorylation of STAT3 are required for induction of Xbra. Consistent with this, coinjection of STAT3-CTC mRNA with NLK mRNA strongly induced Xbra expression (Fig. 3G) . Xbra expression in this case was dependent on the serine phosphorylation of STAT3, because coinjection of STAT3-CTC-SA mRNA with NLK mRNA did not induce its expression. Coinjection of wild-type STAT3 mRNA with NLK mRNA also induced Xbra expression moderately, and this expression was dependent on both the serine and tyrosine phosphorylation of STAT3 (Fig. 3G) . These results indicate that both serine and tyrosine phosphorylation of the STAT3 C-terminal domain are required for mesoderm induction.
Members of both the TGF-␤ and FGF family of ligands have the ability to induce mesoderm development (Amaya et al. 1993; Thomsen and Melton 1993; Symes et al. 1994; Smith 1995; Agius et al. 2000) . We thus examined whether NLK and STAT3 function in the induction 
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of mesoderm by these TGF-␤ and/or FGF family ligands. Vg1, BMP, or FGF has been shown to induce Xbra expression in animal caps. We found that injection of NLK Mo or STAT3 Mo could block induction of Xbra expression by Vg1 or BMP (Fig. 4A ,B,D) but had no effect on induction by FGF (Fig. 4E) . Inhibition of Vg1-induced Xbra expression by NLK Mo could be rescued by coinjection with wild-type NLK mRNA but not by a kinasenegative mutant, NLK-KN (Fig. 4A) . Similarly, coinjection of wild-type STAT3 mRNA, but not STAT3-SA mRNA, rescued the inhibition of Vg1-induced Xbra expression by STAT3 Mo (Fig. 4B) . These results suggest that NLK and STAT3 function in a pathway downstream of the TGF-␤ family of ligands in early Xenopus embryos.
To further confirm the involvement of NLK in TGF-␤ family signaling, we examined whether TGF-␤ family ligands can activate NLK kinase activity. 293 cells were treated with recombinant human activin A, and endogenous NLK was immunoprecipitated from the cell lysates with anti-NLK antibody. These immunoprecipitates were subjected to an in vitro kinase assay by using bacterially expressed LEF1 protein as a substrate . NLK kinase activity was found to increase within 5 min after activin A treatment, reach a maximum after 10-30 min, and decline thereafter with time (Fig. 4F) . Activin A stimulated NLK kinase activity in a dose-dependent manner (data not shown). Thus, a TGF-␤ family ligand is able to activate NLK.
Our previous studies have shown that TAK1 functions as an upstream MAPKKK acting on the MAPK-related kinase, NLK Meneghini et al. 1999 ). In addition, TAK1 can be activated by TGF-␤ and BMP stimulation (Yamaguchi et al. 1995) . Together, these results raise the possibility that the mesoderm induction during embryogenesis by TGF-␤ family ligands involves activation of TAK1, which in turn regulates STAT3 via its action on NLK. To test this possibility, we examined the effects of injection of Xenopus TAK1 Mo into early Xenopus embryos. Injection of TAK1 Mo also inhibited Xbra, ␣-actin and Xnot expression in the dorsal marginal zone but did not affect Xgsc expression (Fig.  1B) . When TAK1 Mo was injected into the prospective mesodermal region of embryos, serine phosphorylation of STAT3 was significantly reduced in the injected regions (Fig. 3D) . In an animal cap assay, Vg1-and BMP-induced Xbra expression were also found to be inhibited by coinjection of TAK1 Mo (Fig. 4C,D) , whereas FGFinduced Xbra expression was not inhibited (Fig.  4E) . Inhibition of Vg1-induced Xbra expression by TAK1 Mo was rescued by coinjection with wildtype TAK1 mRNA but not with a kinase-negative TAK1-KN mutant mRNA (Fig. 4C ). These results demonstrate that TAK1 is indispensable for both serine phosphorylation of STAT3 and mesoderm induction by TGF-␤ family ligands. Activation of TAK1 by coexpression with TAB1 (Shibuya et al. 1996) resulted in the induction of Xbra expression ( Fig. 4G ; Shibuya et al. 1998) , and this induction was inhibited by injection of NLK Mo, STAT3 Mo or STAT3-SA mRNA (Fig. 4G) . Moreover, we found that activation of TAK1 potentiates serine phosphorylation of STAT3 in 293 cells, and this potentiation was inhibited by coexpression of NLK-KN (Fig. 4H) . Taken together, these results suggest that the TAK1-NLK-STAT3 pathway regulates TGF-␤ signaling in both Xenopus early embryos and mammalian cells.
The Smad transcription factors are known to be crucial intracellular transducers of TGF-␤ family signaling (Heldin et al. 1997; Attisano and Wrana 1998; Derynck et al. 1998; Massagué 2000) , and Smad-mediated signaling is important in the early patterning of mesoderm (Whit- man 1998). We further examined the relationship between TAK1-NLK-STAT3 and Smad pathways in mesoderm induction. Injection of Smad2 mRNA induced Xbra expression in animal caps, and coinjection of STAT3 Mo, NLK Mo or TAK1 Mo with Smad2 did not inhibit the expression of Xbra (Fig. 4I) . On the other hand, coinjection of the dominant-negative mutant of Smad2 (Candia et al. 1997 ) had no effect on Xbra expression induced by coinjection of NLK mRNA with STAT3-CTC mRNA (Fig. 4J) . Moreover, although the injection of Smad2 or STAT3-CTC-SE mRNA at lower dose did not induce Xbra expression, coinjection of both mRNAs did induce Xbra expression (Fig. 4K ). These results demonstrate that TAK1-NLK-STAT3 and Smad pathways function independently and synergistically in TGF-␤-mediated mesoderm induction. A previous report showed that STAT3 and Smad1 physically interact via p300/CBP to induce differentiation of neural progenitor cells that have been treated with both LIF and BMP (Nakashima et al. 1999 ). STAT3 and Smads may also interact and cooperate in mesoderm induction in early Xenopus development.
Although the role of the C-terminal tyrosine phosphorylation of STAT3 is well understood, the molecular mechanisms and in vivo functions of the C-terminal serine phosphorylation are unclear. Our results suggest that the C-terminal serine is phosphorylated in vivo through the TAK1-NLK pathway. Furthermore, we demonstrate that the serine phosphorylation, as well as tyrosine phosphorylation, is indispensable for endogenous mesoderm induction by TGF-␤ family signaling. These findings provide the first evidence identifying a kinase that acts on the STAT3 C-terminal serine in vivo, and demonstrate the significance of STAT3 serine phosphorylation in embryogenic development. Because NLK is unable to phosphorylate the C-terminal tyrosine residue, another tyrosine kinase(s) is also responsible for phosphorylation of STAT3 in early Xenopus development. Although the exact identity of the cognate tyrosine kinase and its activator are unclear at present, it is clear that two signal transduction pathways function together to activate STAT3: the TAK1-NLK pathway activated by TGF-␤ family ligands and a signaling pathway using a yet-to-be-identified tyrosine kinase.
Materials and methods

Mutant plasmid construction
Mutants of Xenopus STAT3 (xSTAT3) were generated by site-directed mutagenesis using the polymerase chain reaction (PCR). In xSTAT3-YF, xSTAT3-SA, and xSTAT3-YFSA, Tyr 706 and Ser 728 were mutated to phenylalanine and alanine, respectively. In xSTAT3-CTC, xSTAT3-SE, and xSTAT3-CTC-SE, alanine-threonine-asparagic acid at 662-664 and Ser 728 were mutated to cysteine-threonine-cysteine and glutamic acid, respectively. The dominant-negative mutant of Smad2 was generated as described previously (Candia et al. 1997) .
Embryo handling, morpholino oligonucleotides
Embryo manipulation, microinjection, and RT-PCR were as described (Shibuya et al. 1998) . The morpholino oligonucleotides (Mo) used here were 5Ј-GCCCTTCCCTACACGGATGTCCCCC-3Ј (xNLK), 5Ј-GGTTC CACTGCGCCATTGTGTGGGC-3Ј (xSTAT3), and 5Ј-TCATTTCAG CAGAGGTGGCAGACAT-3Ј (xTAK1; Gene Tools, LLC).
Immunoprecipitation and in vitro kinase assay
Cell lysates were precleared with protein G-Sepharose beads and incubated with the appropriate antibodies coupled to protein G-Sepharose beads. Immunoprecipitates were washed four times with 1 mL lysis buffer or phosphate-buffered saline and subjected to Western blotting or in vitro kinase assay. Endogenous NLK was immunoprecipitated by rabbit polyclonal anti-NLK antibody (Ishitani et al. 2003) . Immunoprecipi- 
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tates were incubated with 1 µg bacterially expressed recombinant LEF-1 Meneghini et al. 1999) or STAT3 in 20 µL kinase buffer for 2.5 min at 25°C (endogenous NLK) or for 10 min at 30°C (Myc-NLK). Phosphorylated substrates were subjected to SDS-PAGE and quantitated by using an image analyzer (Fujix BAS 2500).
